Effectiveness of fecal occult blood test (FOBT) for colorectal cancer (CRC) screening depends on annual testing, but little is known about patterns of repeat stool-based screening within different settings. Our study's objective was to characterize screening patterns and identify factors associated with repeat screening among patients who completed an index guaiac FOBT (gFOBT) or fecal immunochemical test (FIT).
IntrodUctIon
Colorectal cancer (CRC) is the fourth leading cause of cancerrelated death worldwide [1] . CRC screening has the potential to significantly reduce CRC incidence and mortality [2] . In randomized trials, annual fecal occult blood tests (FOBT) reduced CRC mortality by 15-33% [3] [4] [5] . When high rates of adherence are achieved, the efficacy of annual FOBT in terms of life-years gained is estimated to be equal to that of colonoscopy performed every 10 years [6] . Therefore, annual high-sensitivity guaiac FOBT (gFOBT) or fecal immunochemical test (FIT) screening are among the CRC screening strategies recommended by the US Preventive Services Task Force (USPSTF) for average-risk patients with no history of CRC or adenomas [7] . These stoolbased screening tests are particularly attractive for meeting the 80% screening goals recommended by the American Cancer Society because they are non-invasive, readily available, deliverable to patients who lack frequent health care contact and avoid logistical limitations of limited colonoscopy capacity in some settings [8, 9] .
The long-term effectiveness of stool-based testing as a CRC screening strategy depends on regular testing. Although the proportion of US patients who are up-to-date with CRC screening has improved to 58%, data from the National Health Interview Survey demonstrate Hispanics (42% up-to-date), low-income patients (44%), and uninsured patients (24%) are less likely to complete screening [10] . Studies have also suggested nearly 25-70% of patients who complete an initial stool-based test fail to undergo repeat testing [11] [12] [13] [14] . However, most prior studies evaluated 3-sample FOBT-based screening and were restricted to single healthcare delivery systems or international screening programs; therefore, it is unclear if these results can be generalized to onesample FIT-based screening programs in the US. FIT has many advantages over gFOBT, including being a one-sample test without the need for dietary or medication restrictions, leading to higher patient acceptance in organized CRC screening programs [15] . After trials demonstrated equivalent efficacy between 3-sample gFOBT and one-sample FIT [16] , many US healthcare systems switched to FIT.
In addition, little is known about different patterns of repeat stool-based screening, e.g., intermittent compliance (2 out of 3 years) but not performed annually, and how patterns of screening vary across different settings. Finally, repeat FOBT screening may be particularly low among understudied subgroups, such as the elderly, racial and ethnic minorities, the uninsured, and people who are not well connected to primary care. Identifying factors associated with consistent stool-based screening may help inform interventions to improve the long-term effectiveness of programs that use gFOBT or FIT screening for large proportions of patients. Conversely, it may also help identify patients who, because they are not likely to repeat a stool test, may be better served by colonoscopy-based screening, if they find it as a more acceptable alternative. Therefore, the aims of our study, conducted within four large US healthcare systems, were to (1) characterize FOBT screening patterns over a 3-year period and (2) identify factors associated with repeat screening among patients who completed an index FOBT.
MethodS

Study setting and population
This study was conducted as part of the NCI-funded Populationbased Research Optimizing Screening through Personalized Regimens (PROSPR) consortium. The overall aim of PROSPR is to conduct multi-site, coordinated, trans-disciplinary research to evaluate and improve cancer-screening processes [17] . The ten PROSPR research centers reflect the diversity of US delivery system organizations. The four PROSPR colorectal research centers, Parkland-UT Southwestern (Parkland), Kaiser Permanente Washington Health Research Institute (KPWA, formerly Group Health), Kaiser Permanente Northern California (KPNC), and Kaiser Permanente Southern California (KPSC), contributed data for this study. Details of the research centers' populations and screening practices have been described elsewhere [18] .
We restricted our study population to individuals aged 50-71 years who completed FOBT (gFOBT or FIT) for CRC screening between 1 January, 2010 and 31 December, 2011. Patients from Parkland were limited to those aged 50-64 years given incomplete data capture on Medicare-eligible patients. A patient's first FOBT during this study period was considered the index test. We excluded patients whose first FOBT in the study occurred when they were ≥72 years old because they would not have three full calendar years of ascertainment time before reaching age 75 when screening is no longer recommended. Similarly, we excluded patients who had a history of CRC, colonoscopy within 10 years or flexible sigmoidoscopy in the 5 years before their index stool test, or positive index stool test result because repeat screening would not be indicated in these patients. Index tests performed in-office or as an inpatient were considered not to be for screening purposes and were therefore also excluded. All activities were approved by the Institutional Review Board at each Research Center and the PROSPR Statistical Coordinating Center.
Data collection
Data, including receipt of screening, were collected from the electronic health records (EHR) and administrative databases at each site [18] . Receipt of FOBT screening was extracted using EHR laboratory data at each site. Patient information included age, sex, race/ethnicity, insurance status, body mass index (BMI), Charlson comorbidity score, and primary care contact. Sex and race/ ethnicity were extracted from the EHR at time of cohort enrollment. Age and insurance status were determined from the year of the index FOBT. BMI and Charlson comorbidity index were calculated from the calendar year of the index test when available; otherwise, data from the year after the index test was used. Primary care contact was defined as the number of primary care visits during the 3-year follow-up period. We used primary care contact as a measure of health care contact because primary care visits are the most common site of CRC screening in-reach at each study site. Data were submitted by each research center to the PROSPR Statistical Coordinating Center for analysis.
Analysis
We characterized patients based on receipt of repeat FOBT screening, our primary outcome of interest, during the follow-up period. The follow-up period was defined as time from the index negative FOBT result to the first occurrence of one of the following: receipt of colonoscopy or flexible sigmoidoscopy, positive FOBT result, CRC diagnosis, disenrollment from the health plan, death, or end of the study period (31 December, 2013).
Our primary analysis was restricted to patients with at least three full additional years of follow-up, i.e., patients who had index FOBT screening in 2010 and completed follow-up through 2013. We excluded patients with colonoscopy, flexible sigmoidoscopy, CRC diagnosis, or disenrollment from the health plan during the subsequent 3-year follow-up. Similarly, patients with a positive FOBT during the first 2 years of the follow-up period were excluded because diagnostic colonoscopy, rather than repeat stoolbased screening, would be indicated.
Patterns of FOBT screening were categorized as consistent, inconsistent, or no repeat testing. Consistent screening was defined as repeat screening within every 15 months during the 3-year period following the index FOBT, such that the interval between two FOBTs never exceeded 15 months. Inconsistent screening was defined as screening at least once during the follow-up period but less than consistent screening, and no repeat screening was defined as no further screening after the index test.
We performed a sensitivity analysis in which consistent and inconsistent screening patterns were defined using two definitions for annual screening: (a) within every 12 months and (b) every calendar year. Consistent screening was defined as repeat screening within every 12 months or every calendar year during the 3-year period, respectively. Similar to the primary analysis, inconsistent screening was defined as screening at least once during the follow-up period but less than consistent screening.
In addition to our primary cohort of interest, which included patients with at least 3 years of follow-up after their index test, we performed a secondary analysis among those with at least 2 but <3 years of follow-up. Given the shorter duration of follow-up in this cohort precluding meaningful 15-month interval analyses, we characterized consistent and inconsistent annual screening per calendar year as described above.
In univariate analyses, Fisher's exact and Mann-Whitney ranksum tests were performed to identify factors associated with patterns of repeat screening. We used multi-level mixed effect logistic regression models to identify factors associated with consistent screening (versus inconsistent or no repeat screening), accounting for clustering at the provider and system level. Intra-class correlations were used to quantify correlations at each level [19] . In a secondary analysis, we used multinomial logistic regression analysis to identify factors associated with repeat screening as a 3-level outcome (consistent, inconsistent, and no repeat). Regression models included variables of a priori clinical importance. Statistical significance was defined as p < 0.05 for multivariable analyses. Analyses were conducted using R version 3.2.3 (http://www.r-project.org/) and SAS version 9.3 (SAS Institute Inc, Cary, NC).
reSUltS
Patient characteristics
We identified 959,857 patients without CRC who completed an index FIT or gFOBT between 2010 and 2011. Patients with positive index stool tests (n = 46,559), colonoscopy within 10 years or flexible sigmoidoscopy within 5 years prior to their index stool test (n = 112,043), or colonoscopy, flexible sigmoidoscopy or positive FOBT during the follow-up period (n = 31,172) were excluded, leaving 770,083 who met the inclusion criteria. There were 152,798 (19.8%) patients had <2 years of follow-up, ranging from 16.6% at Parkland to 23.9% at KPWA, and 273,182 patients who had between 2 and 3 years of follow-up. The subset of 344,103 patients who had three calendar years of follow-up after their index test formed the cohort for our primary analysis. Nearly all index tests were FIT, with only 3% being gFOBT. Most gFOBT were performed at KPWA, which changed to FIT after December 2011. Patient characteristics are detailed in Table 1 . Patient age ranged from 50 to 71 years at time of index test, with a median age of 58 years. Over half (55.3%) of patients were female, and our cohort was racially/ethnically diverse with 55.8% White, 17.9% Hispanic, 14.1% Asian, and 7.5% Black patients. Most patients had a Charlson comorbidity score of 0 (67.5%) or 1 (18.4%).
Repeat screening patterns among patients with 3 years of follow-up
Among patients with 3 years of follow-up after their index test, just under half (46.6%) underwent consistent screening with repeat testing at least every 15 months. Inconsistent screening was performed by 43.4% of patients, and 10% did not repeat screening during the follow-up period. However, screening patterns varied widely across healthcare systems, with the consistent screening proportions ranging from 1 to 54.3% and no repeat screening ranging from 6.9 to 42.8% (Fig. 1a) . In a sensitivity analysis excluding patients who underwent gFOBT, 47.6 and 42.5% of patients underwent consistent and inconsistent screening, respectively. Consistent and inconsistent screening was performed in 8.1% and 81.9% of patients, respectively, using a cut-off of within 12 months, and 55.7% and 34.1%, respectively, when defined as annual screening every calendar year.
Screening patterns significantly differed across healthcare systems, even after adjustment for patient-level variables (p < 0.001). Relative to KPNC, the odds of consistent screening (versus inconsistent or no repeat screening) were significantly lower at KPSC, KPWA, and Parkland ( Table 2 ). The intra-class corrrelation (ICC) was 0.04 and 0.02 at the provider and system levels respectively, suggesting that screening patterns were more similar at the provider level than system level. We also noted variation in screening patterns by patient characteristics, most notably age, race/ethnicity, and comorbidity. Compared to patients aged 50-54 years, higher odds of consistent screening were observed among patients Associations were similar when evaluated in a sensitivity analysis only including patients who underwent FIT and in a multinomial model evaluating screening patterns as a 3-level outcome (consistent, inconsistent, and no repeat) (Supplemental Table 1 ). Repeat screening patterns among patients with 2-3 years of follow-up
Of the 273,182 patients who had between 2 and 3 years of follow-up, 18.5% (n = 50,527) completed FOBT screening in 2010 and were followed through 2012, and 81.5% (n = 222,655) were screened in 2011 and followed through 2013. Patient characteristics, (Supplemental Table 2 ) did not meaningfully differ from those of the primary cohort. Consistent screening every calendar year was performed in 46.6% of patients, inconsistent screening in 35.3%, and no repeat screening in 18.1%. Screening patterns again varied across healthcare systems, with the proportion of consistent screening per calendar year ranging from 6.1 to 57.8% and no repeat screening ranging from 13.6 to 55.8% (Fig. 1b) Parkland-UTSW offers a sliding fee scale program, which provides access to medical care, including CRC screening, for uninsured residents of Dallas County even after adjustment for patient-level variables. Factors associated with repeat screening patterns were similar to those reported in the primary analysis among patients with 3 years of follow-up, although associations were weaker (Supplemental Table 3 ). For example compared to KPNC, the odds of patients undergoing consistent screening were lower, with odds ratios of 0.40 (95% CI: 0.37-0.43) for KPSC, 0.19 (95% CI: 0.17-0.21) for KPWA, and 0.03 (95% CI: 0.02-0.05) for Parkland. Associations were also similar when evaluated in a multinomial model evaluating screening patterns as a 3-level outcome (consistent, inconsistent, and no repeat; data not shown).
Patterns and predictors or repeat fecal immunochemical…
dIScUSSIon
Our cohort study is one of the first multi-health system studies to characterize repeat stool-based CRC screening patterns as implemented in real-world clinical practice settings using contemporary FOBTs in the United States. We found that, after completion of an initial stool-based screening test, only slightly less than half of all patients who opted for stool-based screening underwent consistent screening at least every 15 months over the subsequent 3-year period. Over one-third (43.4%) of patients had inconsistent screening, and 10% had no repeat testing. However, we found very large variation across the 4 healthcare systems, with proportions of consistent screening ranging from 1 to 54.3% and no repeat screening ranging from 6.9 to 42.8%. Although several sociodemographic and clinical factors were modestly associated with screening patterns, we found study site was associated with screening patterns even after adjusting for patient differences. The 2017 guidelines from the USPSTF recommend highly sensitive gFOBT, FIT, or colonoscopy as first-line modalities for CRC screening; however, the effectiveness of a stool test recommendation depends on consistent annual screening and high rates of follow-up colonoscopy among those with positive stool test results [20, 21] . Stool-based screening is dependent on annual testing because early cancers and advanced adenomas may bleed only intermittently. Prior studies have demonstrated that adenoma detection remains stable during subsequent rounds of stool testing, so low rates of repeat screening may significantly increase the risk of interval cancers and CRC mortality [22, 3] . Given the necessity for patients to undergo consistent annual FOBT to achieve equally effective screening as those undergoing alternative screening modalities, the USPSTF and opinion leaders/editorialists have emphasized the importance of characterizing patient adherence to screening programs as a high priority area for research [7] .
One notable finding from our study is the variability in the proportion of patients with consistent screening depending on how this was defined. When using a cut-off of 12 months, consistent screening was observed in fewer than 10% of patients; however, consistent screening was substantially higher at ~50% with a more liberal definition such as every 15 months or calendar year. More liberal definitions with a "grace period" allow for time during which FOBTs can be ordered and completed after the patient becomes due for screening. The variability in consistent screening by definition is also important when comparing results across studies, which may use different definitions for consistent screening. Furthermore, a strict 12-month cut-off may overestimate the proportion of patients with screening underuse (e.g., patients completing FOBT at 13 months), particularly in the absence of comparative effectiveness data to identify the optimal screening interval. Although FIT is recommended annually in the US, many centers in Europe continue to perform biennial FIT.
The factor most strongly associated with repeat FOBT screening patterns in our analysis was study site, suggesting systemlevel factors may have an important role in consistent CRC screening completion. Although all of the study sites were integrated healthcare systems with organized FOBT-based screening programs, there were major differences in screening delivery strategies ( Table 3 ) [24] . The highest proportion of consistent screening was observed at KPNC, which delivers FITs through several methods including outreach efforts (e.g., mailed FIT kits timed to coincide with patients' birthdays) and in-reach efforts (e.g., available FIT kits at flu vaccine centers and opportunistically at clinic visits). Intermediate proportions of consistent screening were observed in KPSC and KPWA. The use of gFOBT at KPWA until December 2011 may have also adversely affected repeat screening rates because gFOBT required dietary restrictions and more samples. The lowest proportions of consistent screening were observed in Parkland safety-net health system, which depended solely on opportunistic clinic-based screening with no organized system-wide outreach or in-reach programs at the time.
In our analysis, consistent screening increased with older age and decreased with Charlson comorbidity score, black race, and Hispanic ethnicity. The lower proportions of consistent FOBT screening in racial/ethnic minorities may partly explain the observed higher rates of CRC-related mortality in these subgroups [25] [26] [27] . Further studies are needed to determine if lower consistent screening rates in these subgroups may be related to patient or provider attitudes and/or screening fatigue, lack of provider recommendation, decreased effectiveness of screening outreach, perceived benefit of screening, or other factors. The inverse association between Charlson comorbidity and consistent screening contrasts with prior studies reporting a positive association, which is likely related to differences in study population (e.g., availability of screening outreach at study sites) and analysis (e.g., adjustment for primary care contact). Patient sex was significantly associated with consistent screening, although size of the associations were small and of questionable clinical significance. Data from a CRC screening program in England similarly suggested patient-level disparities, such as sex disparities, observed with one-time testing may diminish when assessing longitudinal CRC screening adherence [28] .
Notable strengths of the study include its large cohort of nearly 350,000 patients reflecting real-world clinical practice using contemporary stool-based tests in diverse practice settings in the US, comprehensive capture of screening test results, and our ability to control for both patient-level and system-level factors. However, our study has limitations that should be considered when interpreting the results. First, it is possible that some patients in our study may have had limited life expectancy and not been eligible for repeat screening. Adjustment for age and Charlson comorbidity index in our multivariable model may not fully account for patients with a short life expectancy due to unmeasured conditions. Second, we cannot exclude the possibility of unmeasured confounders to explain the variation in repeat screening patterns. For example, we included insurance status, but this does not fully capture socioeconomic status, which is also associated with CRC screening [10, 29] . Similarly, we used primary care contact as a measure of healthcare contact and in-reach opportunities, but this does not account for other clinic visits in which CRC screening may have been discussed. Third, our study focused on patterns of stool-based screening, so patients who underwent colonoscopy or flexible sigmoidoscopy were excluded. Finally, studies with followup periods longer than 3 years are needed to better characterize the long-term adherence to stool-based screening strategies and determining how inconsistent screening patterns may affect CRC incidence and mortality.
In summary, we found only about half of all patients with index FOBT screening underwent consistent FOBT screening and 10% did not repeat screening over the subsequent 3-year period. However, there was very large variation in receipt of consistent screening across healthcare systems, which could be in part related to differences in the organization of screening programs. The proportion of patients with consistent screening ranged from 1% at Parkland, which depends solely on opportunistic visit-based screening, to 54.3% at KPNC, which uses a combination of outreach and in-reach efforts to promote CRC screening completion. The variation in FOBT screening patterns suggests the importance of system-level factors including screening outreach and in-reach for increasing repeat screening rates, but evidence-based interventions are needed to improve CRC screening adherence in all settings.
Study Highlights
WHAT IS CURRENT KNOWLEDGE
✓ ✓ Simulation models have demonstrated annual stool-based crc testing can achieve similar life-years gained as colonoscopy performed every 10 years; however, its effectiveness depends on annual testing. WHAT IS NEW HERE ✓ ✓ our study suggests adherence with annual FoBt screening is suboptimal, with less than half of patients undergoing consistent screening over a 3-year period; however, we found very large variation across healthcare delivery systems. ✓ ✓ Settings with more organized screening programs performed better than those with opportunistic screening, but evidence-based interventions are needed to improve crc screening adherence in all settings.
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